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Abstract: In this study, the impact strength of automotive side door beams reinforced with multi-cell thin-walled structures
was investigated under three-point bending loads. Six different configurations (cylindrical and square outer geometries with 3,
4,and 5 inner cells) made of AA6063-T1 aluminum alloy were analyzed using the finite element method. The models developed
in HyperMesh were validated with the experimental data of Zhang and Fu, and an error of less than 1.1% was achieved. The
results revealed that increasing the number of inner cells significantly increased the energy absorption, average crushing force,
and specific energy absorption. The square-profile K5 design achieved the best performance with 0.1617 kJ EA and 0.885
kJ/kg SEA, outperforming its cylindrical counterpart (S5) by 43% and 13%, respectively. The square geometries also exhibited
a 69% higher peak crushing force due to their superior vertical load-carrying behavior. The findings indicate that multicellular
thin-walled structures offer significant advantages over traditional single-cell designs, providing up to 27-42% improvement
in crash performance and are an effective design strategy for lightweight automotive safety components.

Keywords: Three-point bending test, energy absorption, crashworthiness, finite element analysis (FEA).

Otomotiv Giivenligi Acisindan Cok Hiicreli ince Duvarh Kirislerin U¢ Nokta Biikiilme Altinda
Sayisal Degerlendirilmesi

Oz: Bu galismada, ¢ok hiicreli ince duvarli yapilarla giiglendirilmis otomotiv yan kap1 kirislerinin {i¢ noktal biikiilme yiikleri
altinda ¢arpma dayanikliligr arastirtlmigtir. AA6063-T1 aliiminyum alasimindan yapilmus alt1 farkli konfigiirasyon (3, 4 ve 5
i¢ hiicreli silindirik ve kare dig geometriler) sonlu elemanlar yontemi kullanilarak analiz edilmistir. HyperMesh'te gelistirilen
modeller, Zhang ve Fu'nun deneysel verileriyle dogrulanmig ve %1,1'den daha az hata elde edilmistir. Sonuclar, i¢ hiicrelerin
sayisinin arttiritlmasinin enerji emilimini, ortalama kirma kuvvetini ve spesifik enerji emilimini 6nemli dl¢iide arttirdigini ortaya
cikarmigtir. Kare profilli K5 tasarimi, 0,1617 kJ EA ve 0,885 kJ/kg SEA ile en iyi performansi elde ederek silindirik muadilini
(S5) sirastyla % 43 ve %13 oraninda daha iyi degerlere sahip oldugu belirlenmistir. Kare geometriler ayrica iistiin dikey yiik
tasima davranisi nedeniyle % 69 daha yiiksek tepe kirma kuvveti gostermistir. Bulgular, ¢ok hiicreli gii¢lendirilmis kare
yapilarin, geleneksel tek hiicreli tasarimlara gore 6nemli avantajlar sundugunu, ¢arpigma performansinda %27-42'ye kadar
iyilesme sagladigini ve hafif otomotiv giivenlik bilesenleri i¢in etkili bir tasarim stratejisi oldugu belirlenmistir.

Anahtar Kelimeler: Ug nokta egme testi, enerji emilimi, carpisma dayanikliligi, sonlu elemanlar analizi (FEA).

1. Introduction

Engineering design paradigms center around the 21st century triad of material proportions, density,
sustainability and durability [1]. For this reason, structures with thin-walled structures, despite their low density,
exhibit superior lightness, high strength and energy properties, and due to their ability to withstand the same; It
has a wide application potential in many products, from automotive to aviation, from construction to defense
industry. Especially the need for lightweight and high impact resistant designs and the usage rate of these structures
are rapidly increasing [2-4].

In recent years, automotive economy performance, safety and fuel change have been continuously upgraded
and affordability, lightweight design and flexibility have been highlighted [5-7]. Within the framework of these
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needs, the performance and preference of walled structures has become a frequent choice in electrical designs.
These types of structures are elements with open or closed sections, which can be produced especially with metal
or composite materials, with at least one system being very low in the wall gap. Despite their low relative
dissipation, they show high rigidity and excellent energy absorption properties, and the diversity and safety of
these structures are critical, making them widely sold in the automotive and aviation sectors [8].

In automotive; Passive safety elements such as pillar reinforcements, bumper beams and especially the side
door beam have an important and vital role in protecting the integrity of the passenger cabin during a collision [8].
By preventing the door from collapsing inwards during an impact, side door beams not only reduce the acceleration
experienced by the driver and passengers, but also help dampen the resulting collision force in a controlled manner.
Therefore, it is aimed to increase the energy absorption capacity of structural designs by intensifying studies on
different cross-section geometries, cell configurations and material combinations [9, 10].

In addition to traditional thin-walled structures [11, 12]; The use of multi-cell, foam-filled or hybrid
structures, porous [13, 14], biomimetic [15, 16] and multi-cell [17, 18] structures significantly increase impact
resistance and make collapse modes more predictable. In most studies in the literature, polygonal and circular
sections are analyzed comparatively; It has been shown that parameters such as number of cells, wall thickness,
and material type directly affect energy absorption performance. It is known that especially three-, four- or five-
cell structures increase crash resistance and offer more stable deformation modes than single-wall systems [19].

Energy absorption performances of thin-walled structures; It varies significantly depending on section
geometry, wall thickness, material type, length/width ratio and loading conditions [20, 21]. For example, studies
on tubes with circular, square, rectangular, hexagonal and polygonal cross-sections have shown that each geometry
has different advantages [22]. While circular tubes provide continuous and stable energy absorption with the
progressive axial folding mode; Polygonal cross-section tubes can offer higher rigidity during folding [23]. But
while increasing the number of corners generally increases folding stability, it may also affect the forces occurring
at the first impact [24].

Not only axial loading of thin-walled structures, but also complex loading scenarios such as bending and
torsion can significantly affect the performance of these structures [25]. Three-point bending loading is frequently
preferred as a test method representing real crash scenarios to evaluate the stiffness, energy absorption capacity
and deformation mechanisms of the structure [26]. Deformation behavior of structures under bending loads; It is
shaped by mechanisms such as local buckling, plastic hinge formation and crustal collapse. In addition,
manufacturing-related initial defects and geometric irregularities also play a determining role in the mechanical
response of the structure. For this reason, finite element analyzes calibrated with experimental studies are
considered an indispensable tool to obtain realistic and reliable results [27, 28].

Current literature highlights various strategies to improve the energy dissipation performance of thin-walled
structures. Halis and Altin (2024) [29] investigated the use of E-glass/PET199 composite material in seven
different thin-walled beam geometries and determined that this composite improved the CFE value by 2.32% while
maintaining the SEA value at the same level as AA6063-T1 alloy (1.08 kJ/kg). Albak (2022) [30] investigated the
effects of parameters such as cell number and reinforcement orientation in multi-cell thin-walled tubes and showed
that W1L1 and W1L1S1 tubes optimized by COPRAS and MOGA methods reduced the PCF values by 13.1-
15.4% while maintaining the SEA value. Similarly, Zheng et al. (2021) [31] reported that axial restraint can
increase energy dissipation by a factor of 2.5-3, and tubes with stiffeners placed parallel to the load direction (MT-
Y0Zn) exhibited better performance. Gliszczynski and Czechowski (2017) [32] emphasized that the layer
arrangement in GFRP laminated channel beams critically affects the flexural strength, and symmetric
configurations such as [0/—45/45/90]S optimize the performance. Zhang and Fu (2023) [33] stated that the
maximum moment does not always occur in the mid-span region in three-point bending tests, suggesting that
existing theoretical models should be revised. Huang and Zhang (2018) [34] revealed the inadequacy of the
Kecman model for three-point bending and proposed a new theoretical method that emphasizes the critical role of
geometric parameters. Huang et al. (2021) [35] showed that the SEA value can be increased up to 70.6% by
optimizing the CFRP layout in AI/CFRP hybrid beams, and that local collapses improve energy absorption,
especially in off-center impacts. Kim et al. (2013) [36], on the other hand, stated that the SEA value of AlI/CFRP
beams with [0/+45°/90°/—45°]n layer arrangement increased by 29.6%, but this improvement was not directly
related to the damage area, drawing attention to the design flexibility of hybrid materials. Tang et al. [37]
numerically investigated multi-cell circular tubes consisting of concentric rings radially connected by multiple
networks, and determined that the wall thickness and the number of cells in the circumferential and radial
directions significantly affect the energy absorption performance; double-layer multi-cell tubes achieved the
highest SEA value. Chen et al. [38] proposed four hybrid multi-cell thin-walled structures with circular and square
cross-sections and reported that the dimensions of the outer tubes and the wall thickness have a decisive effect on
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energy dissipation. All these studies jointly emphasize the critical importance of material selection, geometric
optimization, and loading conditions in improving energy dissipation performance.

In this study, six different side door beams with square and circular sections reinforced with multi-cell internal
structures were designed to increase the crash resistance of traditional single-walled thin-walled structures. All
models are 370 mm long and 1 mm wall thick, and the internal structures are optimized with three, four and five
cells. Cell diameters and center circle dimensions were kept constant, thus enabling comparative analysis. These
structures, modeled using AA6063-T1 aluminum alloy, were subjected to three-point bending loading;
Performance criteria such as maximum collision force (PCF), average collision force (MCF), energy absorption
(EA), specific energy absorption (SEA) and efficiency were evaluated. Model validation was carried out with
experimentally obtained data by Zhang and Fu, and the results were found to be compatible with a maximum error
rate of 1.1%. In this context, finite element modeling provided reliable results and all analyzes were carried out on
this validated model. The results obtained show that increasing the number of inner cells positively affects EA,
MCF and SEA values; It shows that square-section structures have a higher load-carrying capacity compared to
circular-section structures. Especially the building coded K5 offers the highest value in terms of SEA; The structure
coded S5 also showed a similarly high energy absorption performance. The difference in folding behavior
depending on the geometry clearly reveals the effect of the outer section form on crash resistance. As a result, it
appears that thin-walled side door beams optimized with multi-cell internal reinforcements offer significant
advantages over conventional designs in terms of both specific energy absorption and collapse behavior. These
findings will shed light on future studies on performance optimization of automotive safety structures.

2. Side Door Beam Design

Scientists have conducted many studies in recent years on the development of passive and active safety
systems to ensure passenger safety in the automotive industry. Side door bars, one of the most critical components
of passive safety systems used in the automotive industry, provide passenger safety by preventing the door from
moving inward by absorbing the energy generated during a crash. It aims to enhance energy absorption
performance by utilizing various cross-sections and geometries in the design of side door bars. In addition to
traditional materials such as aluminum, steel, and magnesium, composite materials are now being used as materials
for side door bars. Additionally, thanks to the development of additive manufacturing technologies, it is now
possible to produce door bars with complex geometries. Figure 1 shows the location of the side door bar on the
automotive door.

Figure 1. Illustration of the position of the side door bars on the vehicle [39]

This study designed six different multi-cellular automotive side doors with cylindrical and square exterior as
shown in Figure 2. The codes of the automotive side door bars are given in Figure 2. All door bars are designed
with a wall thickness of 1 mm and a length of 370 mm. When the designs given in Figure 2 are examined, the
inner parts of the hollow square and cylinder door bars are reinforced with multi-cellular structures, three, four,
and five, respectively. Here, the diameters of the circles in the inner part are designed to be 7 mm, and the diameter
of the circle in the center, where the cells are placed, is intended to be 17 mm. In all designs, multi-cellular
structures were designed by fixing them at the center points of the square and cylinder structures.
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Figure 2. Automotive side door bar designs and nomenclature
3. Finite Element Model

This section analyzes the side door bars designed as described in Section 2. However, firstly, the validations
of the tests performed in Zhang and Fu's [40] study were carried out, and the data of the validated analyses with
small error rates were used in this study. In their study, Zhang and Fu produced multi-cell structures by reinforcing
an aluminum structure with dimensions of 32 x 32 x 370 mm and a wall thickness of 0.95 mm, using 1.05 mm
thick aluminum, as shown in Figure 3(a). Then, they performed three-point bending tests on the aluminum
structures, as shown in Figure 3(b), with a 320 mm distance between the supports and 24 mm between the indenter
and support diameters, and examined the energy absorption performance of the structures.

g 4
% / Force
l}]ﬁ/ 1.05 mm  sensor

32 mm
Figure 3. Three-point flexure test visuals: a) structure dimensions, b) test procedure [40]

Zhang and Fu performed tensile tests at a speed of 1 mm/s, in accordance with the ASTM E8M-04 standard,
to determine the mechanical properties of the AA6063-T1 material. They determined the stress-strain values in
Table 1 and the mechanical properties in Table 2.

Table 1. True stress-strain relation of AA6063-T1 [40]

Plastic strain 0 0.0112  0.0215 0.0305 0.0393 0.0482 0.0589 0.0756 0.0933
Stress 100 124.7 142.8 156.5 168 178.4 189.5 204.6 218
Plastic strain ~ 0.111  0.129 0.146 0.164 0.184 0.204 0.224 0.250

Stress 229.3  239.6 248.2 256.4 264.5 271.7 278.4 286

Table 2. Mechanical properties of AA6063-T1 material [40]

Density Young’s modulus  Poisson’s ratio Yield stress Ultimate stress
p=2700 kg-m® E =68.9 GPa v=0.33 oy = 100 MPa oy = 222 MPa
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Zhang and Fu also performed validation using the finite element method in their study. In this study,
validation was performed using the Hypermesh finite element program under conditions similar to those of the
test, as shown in Figure 4. AA6063-T1 material was created using the MAT-36 material found in the Hypermesh
program. The support and indenter are rigid materials that prevent deformation during the analysis. The thicknesses
of the internal and external structures were determined by using two different shell cards as feature cards. Then a
TYPE-7 contact card was established between the indenter, supports, and aluminum. The coefficient of friction

between all structures was defined to be 0.3. Finally, a speed of 1 mm/s was determined for the indenter, and
analyses were performed.

gide door Be™

__ gupports

Figure 4. Setting up the finite element analysis

To examine the durability of the side door bars, it is necessary to determine the PCF, MCF, EA, SEA, and
efficiency criteria.

The energy absorption (EA) represents the total energy dissipated by the structure during deformation and is
calculated using Equation (1) [41];

EA = fod F(x)dx, €Y)

Where d is the loading distance and F (x) is the instantaneous load amount.

The mean crushing force (MCF) can be obtained using Equation (2) [41].
EA
Frnean = a4 (2)

The specific energy absorption (SEA), which represents the absorbed energy per unit mass, is calculated
according to Equation (3) [41].

SEA—EA 3
-— ©)

Finally, the crash force efficiency (CFE) is determined using Equation (4) [41].

E
CFE = tean (4)

Fmax

Figure 5(a) compares the experimental results (black curve) obtained by Zhang and Fu with the numerical
validation results from both Zhang and Fu [40] (blue curve) and Kopar, Sémer, and Ari in the current study (red
curve). As can be seen, all curves show a rapid initial force increase, followed by a plateau at approximately 2700-
3000 N. High agreement was observed between the experimental and numerical results in terms of maximum force
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values. However, the validation curve obtained in the current study, similar to the experimental results, exhibits a
slight decreasing trend as the displacement progresses. This may be attributed to differences in material modeling

and contact conditions.

Figure 5(b-d) shows the relevant test specimen, geometric model, and finite element mesh. Visual
comparisons reveal that the generated numerical model agrees with the experimental setup.
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Figure 5. Validation results: a) force-displacement graph, b) Zhang and Fu test bending image[40], ¢) Kopar,
Sémer, and Ari validation bending image, d) Zhang and Fu simulation bending image[40]

Validation simulation data were used to calculate the crash safety parameters of the side door bars using
Equations (1-4), and compared with experimental results. The data obtained from the finite element analysis and
the results presented in Zhang and Fu's [40] study are provided in Table 3. When the crash criterion values in Table
3 are examined, an error rate of approximately 0.1% was achieved when comparing the test and validation results
for SEA. Because the SEA value is the most critical factor in collision and bending analyses, the mesh sensitivity
value was also approximated using the SEA value.

Table 3. Comparison of results

Displacement = Mass EA SEA SEA
MCF (N) (mm) (kg) (kJ) (kd/’kg)  Error (%)
Zhang and Fu (Test) [40] 2861 60 0.1830 0.1618 0.884 -
Zhang and Fu (FEA) [40] - 60 0.1830 0.1648 0.888 0.54
Kopar, Sémer, and Ari (FEA) 2828 60 0.1830 0.1617 0.885 0.1

During the finite element analysis, the unit size of the mesh structure has a significant impact on the results
obtained. Therefore, to determine the optimum mesh sizes in the validation phase, analyses were performed with
meshes having dimensions of 1 mm, 1.5 mm, 2 mm, 2.5 mm, and 3 mm, and the closest value to Zhang and Fu's
[40] study was determined in terms of SEA value. When Figure 6 is examined, it is determined that the optimum
mesh size is 1 mm, and all analyses were performed with a mesh size of 1 mm.
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Figure 6. Investigation of the mesh effect in a finite element model
4. Results

Figure 7(a-b) shows the force-displacement graphs obtained from three-point bending analysis. When Figure
7(a) is examined, it is determined that the structure with the maximum PCF value is the side door bar coded S5,
which is approximately 4629 N. It is determined that the PCF value of the side door, bar coded S5, is 13% higher
than S4, 27% higher than S3, and approximately four times higher than SO. Upon examining Figure 7(b), it is
determined that the side door bar, coded K5, has a high PCF value of approximately 6489 N. The PCF value of
the side door, bar coded K5, is approximately 16% higher than K4, 27% higher than K3, and 69% higher than KO.

When K and S coded side door bars are compared with each other, it is thought that K coded side door bar
designs have a higher PCF value, and the main reason for this is that the square structure meets the force vertically.

— 8000 — KO
6000 -
—_ , — K3
5000 — ] — Eg
— 6000 -
~ 40001 55000 -
2 Z 5000
o @ i
O 3000+ © 4000
o o
L LL 3000
2000-
2000
1000 1000
O T T T T T T T T T T T T T T 0 ! ) T ) T ) T ) T ) T ) T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Displacement (mm) Displacement (mm)
a.) b.)

Figure 7. Force-displacement graph obtained as a result of three-point bending analysis of side door bars:
a) S-coded structures, b) K-coded structures

Figure 8(a-d) shows the crash performance criterion values calculated using the data obtained after the
simulations of all designs. When Figure 8(a) is analyzed, it is determined that the EA value increases in both S-
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coded and K-coded side door bars due to the increase in the number of cells in the interior. It was determined that
the side door bar with the highest energy absorption was K5 among the K-coded structures, while the side door
bar coded S5 among the S-coded structures. It was determined that the door bar with the highest EA value was
K5, and it was found to provide approximately 43% higher energy absorption than S5.

When the MCF value given in Figure 8(b) is examined, just like the EA values, an increase was realized due
to the increase in the number of cells in the interior. Here, it is determined that the structure with the highest MCF
value is S5 among the S-coded designs and K5 among the K-coded designs. It was determined that the K5 design
was approximately 42 % higher than the S5. When the SEA values given in Figure 8(c) are analyzed, it is
determined that the design coded K5 has the maximum value, approximately 13% higher than S5.

When the crash criteria given in Figure 8 are examined, it is observed that for all values, an increase occurs
due to the increase in the number of cells in the inner part. The increase in cell structures here is likely due to
increased surface area to meet the force. It was determined that designs with square geometry on the outer parts
exhibited higher performance than those with cylindrical geometry. This is likely because the struts on the sides
of the square structure are more effective in resisting the force. Figure 8.d shows that the CFE has significantly
increased in both S and K coded structures with increased internal cells. Designs coded SO and KO were found to
have the lowest crash efficiencies due to their cell-less design, with efficiencies of 0.75% and 0.48%, respectively.
Due to the increased number of cells in the internal structure of the cylindrical and square-shaped side door bars,
crash efficiencies improved by approximately 17% for S5 compared to SO. It was determined that K5 achieved an
approximately 88% increase in CFE compared to KO.

K-series side door bars were found to have a higher CFE value than almost all S-series designs due to their load-
carrying properties and more stable plastic deformations. The results revealed that the internal cell structure
significantly impacted CFE values.
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Figure 8. Crash criteria: a) EA, b) MCF, c) SEA, d) CFE
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Figure 9(a-b) shows the bending behavior of the S5 and K5 side door bars, which have high crash performance
criteria values. Figure 9(a) shows the bending images of the K5 side door bar, which has a five-cell structure on
the inside, and when this bending behavior is examined, it is observed that the stress value is distributed stably up
to 20 mm of bending. However, an increase in the stress ratio is observed in the region where the force acts due to
the continuation of bending. This is thought to be due to the folding behavior of the square geometry. The edges
of the square-profile geometries support the load in the vertical direction. Therefore, the K side door bars had
higher crash criterion values than the S side door bars. In this context, the K5 side door bar provided higher
performance than the S5.

Figure 9(b) shows the stress concentrations that occur during bending of the side door bar, code S5, which
has a cylindrical external geometry. An examination of Figure 9(b) reveals that the local folding in K5 is now
generalized folding in S5. This results in an increase in structural stability and energy absorption. However,
although the S5 model resisted deformation, it had a lower SEA value than the K5, suggesting that this may be
related to the folding pattern.

An overall evaluation of Figure 9(a-b) reveals that the most significant factor affecting the bending behavior
of the multi-cell side door bars is the external geometric shape of the structure. It was determined that the K5 side
door bar exhibited localized bending behavior during bending, while the S5 side door bar exhibited folding
behavior spread throughout the structure. Based on these results, it was determined that square structural
geometries also increase energy absorption because they support the load in a vertical direction.

Displacement K5 S5

20 mm

40 mm

60 mm

a) b)
Figure 9. Bending images of side door bars: a) K5 coded design, b) S5 coded design

In vehicle accidents, changes in the direction and center of force acting on the side door bars, the door rigidity,
and the impact angle can alter the level of the center openings. These varying loading conditions can alter the
initial plastic deformation and local buckling susceptibility, leading to an increase in the PCF value. Based on this
information, the K5 side door bar design improved its impact resistance and increased PCF due to stress
concentration at the corners.
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Consequently, square-section K-models develop dominant plastic hinges at the top and bottom inside corner
intersections under three-point bending conditions, where geometric discontinuities lead to the highest stress
concentrations. These hinge zones initiate earlier and spread more uniformly across the beam span, resulting in
more stable folding behavior and improved EA performance. In contrast, cylindrical S-models exhibit more
uniform ovalization and outward shell buckling, resulting in a larger deformation zone but less local stress
accumulation. Therefore, the superior vertical load-carrying capacity of square sections is attributed to the
restraining effect provided by their rigid corners, which delays the onset of overall buckling and increases the
contribution of local plastic deformation to the overall energy absorption capacity.

5. Conclusion

In this study, the K and S series represent side door beams with square and cylindrical cross-sections,
respectively. The results obtained in the study are as follows:

e In side door beams with cylindrical cross-sections, the EA, MCF, and SEA values were found to
increase with increasing cell numbers. However, despite this increase, the performance of structures
with cylindrical cross-sections was observed to be lower than that of square cross-section beam
structures with an equal number of cells.

o When the configurations related to square section beams were examined, the five-cell square section
beam (K5) structure was the beam structure that best exhibited the EA, MCF and SEA values.

e Since square-section structures effectively carry the load applied in the vertical direction, they
exhibit superior load and collision performance compared to cylindrical beam structures.

e Under realistic lateral impact conditions, it is predicted that off-center loading situations can trigger
asymmetric bending mechanisms in the structure, leading to increased peak force levels. In
particular, in the K5 configuration, it is assessed that the increased rigidity of the corner regions
strengthens the structural resistance to oblique impacts; however, stress concentrations in these same
regions may lead to an increase in maximum collision force (PCF) values. Accordingly, a systematic
investigation considering different impact points and variable loading angles is planned for future
studies.

As a result of the study, it was determined that supporting the side door bars with multi-cellular structures
will have a positive impact on the energy absorption values. The data obtained from this study will inform future
research.
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